Neutron star mergers (NSMs) eject energetic sub-relativistic dynamical ejecta into the circumbinary media. As analogous to supernovae and supernova remnants, the NSM dynamical ejecta are expected to produce nonthermal emission by electrons accelerated at a shock wave. In this paper, we present expected radio and X-ray signals by this mechanism, taking into account non-linear diffusive shock acceleration (DSA) and magnetic field amplification. We suggest that the NSM has a unique nature as a DSA site, where the seed relativistic electrons are abundantly provided by the decays of r-process elements. The signal is predicted to peak at a few 100 -1,000 days after the merger, determined by the balance between the decrease of the number of seed electrons and the increase of the dissipated kinetic energy due to the shock expansion. While the resulting flux can ideally reach to the maximum flux expected from near-equipartition, the available kinetic energy dissipation rate of the NSM ejecta limits the detectability of such a signal. It is likely that the radio and X-ray emission are overwhelmed by other mechanisms (e.g., an off-axis jet) for an observer placed to a jet direction (i.e., for GW170817). On the other hand, for an off-axis observer, to be discovered once a number of NSMs are identified, the dynamical ejecta component is predicted to dominate the non-thermal emission. While the detection of this signal is challenging even with near-future facilities, this potentially provides a robust probe of the creation of r-process elements in NSMs.
INTRODUCTION
The gravitational waves (GWs) from a binary neutron star merger (NSM) was detected for the first time by Advanced LIGO and VIRGO (Abbott et al. 2017b ). This event, GW170817, was followed by a short gamma-ray burst GRB 170817A (Goldstein et al. 2017; Savchenko et al. 2017; Abbott et al. 2017a) and, thanks to the follow-up observations in NIR, optical, and UV, a luminous and rapidly-evolving electromagnetic counterpart was discovered (Coulter et al. 2017; Abbott et al. 2017c; Arcavi et al. 2017; Cowperthwaite et al. 2017; Smartt et al. 2017; Utsumi et al. 2017; Tanaka et al. 2017; Valenti et al. 2017; Drout et al. 2017; Evans et al. 2017; Tanvir et al. 2017; Soares-Santos et al. 2017; Nicholl et al. 2017; Pian et al. 2017; Villar et al. 2017; Kasen et al. 2017; Andreoni et al. 2017; Chornock et al. 2017; Kilpatrick et al. 2017; McCully et al. 2017; Shappee et al. 2017) . Its observational properties are remarkably consistent with what are expected in the theoretical models of a kilonova/macronova emission powered by radioactive elements in the mildly relativistic ejecta (Li & Paczyński 1998; Metzger et al. 2010; Tanaka & Hotokezaka 2013) . Later, an afterglow was detected in X-ray and radio bands at ∼ 10 days after the GW trigger (Margutti et al. 2017; Troja et al. 2017; Haggard et al. 2017; Alexander et al. 2017; Hallinan et al. 2017) . These components are interpreted as the synchrotron emission from non-thermal electrons, and various models that can explain their early observational behavior have been proposed: a jet seen off-axis (Granot et al. 2017; Ioka & Nakamura 2017; Zou et al. 2018; Lazzati et al. 2017 ), a cocoon energized by a jet choked in the ejecta (Kasliwal et al. 2017; Bromberg et al. 2017; Got-tlieb et al. 2017; Murguia-Berthier et al. 2017) , or an isotropic fireball expanding ahead of the kilonova/macronova ejecta (Salafia et al. 2017) . Recently this non-thermal component has been found to be still brightening for > 100 days, as detected by the long term radio and X-ray observations (Mooley et al. 2018; Margutti et al. 2018; Ruan et al. 2018) , which may disfavor the interpretation of a homogeneous jet observed offaxis (however, see Beside these components, we expect the emission from non-thermal electrons accelerated at the shock formed by the kilonova/macronova ejecta interacting with the circumbinary medium (CBM) in radio and/or X-ray bands (Nakar & Piran 2011; Piran et al. 2013; Rosswog et al. 2013; Takami et al. 2014; Hotokezaka & Piran 2015; Hotokezaka et al. 2016a ). This component is expected to arise at weeks to years after the merger, which is much later than the emission from the relativistic jet. As for GW170817, the non-thermal radio and X-ray emission from the ejecta-CBM interaction have been calculated using the parameters inferred from the kilonova/macronova emission Asano & To 2018; Hotokezaka et al. 2018) . However, these calculations are based on the phenomenological parameterization, which for example assumes the constant energy fraction of non-thermal electrons ε e and of the magnetic field B to the total dissipated energy at the shock. In order to predict the non-thermal emission and its energy spectrum from the kilonova/macronova ejecta self-consistently, one should solve the diffusive shock acceleration (DSA) of particles in the ejecta taking into account the modification of the shock structure and magnetic field amplification due to the efficient acceleration of particles.
In this work, we calculate the particle acceleration at the forward shock (FS) in the kilonova/macronova ejecta interacting with the CBM by using the numerical code that couples the DSA of particles and hydrodynamical evolution of 10 52
FIG. 1.-Initial profiles of cumulative kinetic energy in the NSM ejecta of our models. The black solid line shows the profile for our fiducial models with E ej = 5 × 10 50 erg and M ej = 0.04 M , and the red dashed line for models with a lowered energetics E ej = 1.25 × 10 50 erg and M ej = 0.01 M (see text and Table 1 for details).
the ejecta and collisionless shocks, taking into account the non-linear effect such as the magnetic field amplification and shock modification. This enables us to predict the radio and X-ray emission from non-thermal electrons accelerated at the shock in a more realistic way than previously performed. Moreover, we consider one physical process that can affect the resulting non-thermal emission from the merger ejecta substantially, which was however not noticed previously. It is the electron injection into the DSA from the decay of radioactive r-process nuclei synthesized in the kilonova/macronova ejecta. We show that this process can indeed dominate the seed electrons and the resulting non-thermal emission, and can thus provide new diagnostics of the r-process nucleosynthesis in NSMs. We hereafter refer to the kilonova/macronova ejecta simply as the 'dynamical ejecta'.
MODEL
In our model, we assume a spherical expansion of the dynamical ejecta into a uniform CBM of constant density n CBM and magnetic field B 0 . We adopt an initial density profile for the ejecta proposed by Hotokezaka et al. (2016a) as follows:
where β ≡ v/c is the velocity of the ejecta material, α = −3 for β < β 0 and α = −4.5 for β ≥ β 0 respectively, σ = 0.035, and ρ 0 and β 0 are parameters set to match the ejecta mass M ej and kinetic energy E ej as listed in Table 1 . Here β 0 = 0.28 is adopted. The resulted ejecta kinetic energy profiles of our models are shown in Figure 1 . Particle acceleration and hydrodynamical evolution of the expanding ejecta are treated by the CR-Hydro-NEI Lagrangian hydrodynamic code (e.g., Ellison et al. 2007; Patnaude et al. 2009 Patnaude et al. , 2010 Ellison et al. 2010 Ellison et al. , 2012 Lee et al. 2012) . The code couples a non-linear diffusive shock acceleration (NLDSA) of particles with the hydrodynamical evolution of the expanding ejecta and collisionless shockwaves which allows for a self-consistent calculation of multiwavelength emission properties in spacetime. Magnetic field amplification (MFA) due to streaming instability induced by the accelerating protons in the shock precursor (e.g., Caprioli et al. 2009 ) is taken into account. In this work, we do not consider particle acceleration at the reverse shock. The processes as mentioned above are essentially the same with those at work in producing non-thermal emission from supernovae (SNe) and SN remnants (SNRs), for which our code has been tested (e.g., Lee et al. 2013; Slane et al. 2014) . In SNe and SNRs, the injection source for radio and X-ray emitting electrons is thermal particles injected into the DSA process through a thermal leakage mechanism (e.g., Blasi et al. 2005) . A typical number fraction η inj,th ∼ 10 −5 to 10
of the shock heated protons with supra-thermal energies are injected and accelerated at the FS. We parameterize the injection of electrons by scaling the accelerated electron spectrum with the proton spectrum through a electron-to-proton number density ratio K ep at relativistic energies. While there exist a number of multi-wavelength emission models which support a K ep 0.001 for SNRs evolving in a relatively low-density ambient medium, such as Tycho (e.g., Morlino & Caprioli 2012; Slane et al. 2014) , it is still an open question if the electron injection process at shocks created by NSM ejecta is identical to the case of SNRs. We choose to set K ep = 0.01 as our fiducial value, and reserve more detailed discussions for the near future when more abundant observational constraints become available from detections of other NSM events. Considering the properties of the NSM ejecta, we identify another source of the electron injection, which potentially overwhelms the contribution from the supra-thermal particles; non-thermal electrons emitted by the decay of the neutronrich radioactive isotopes in the dynamical ejecta. These nonthermal electrons (typical energy of ∼ 100 keV to ∼ 1 MeV) are initially thermalized efficiently within the ejecta in the first ∼ 10 days and contribute to the NIR-optical emission Barnes et al. 2016) . Later on, the ejecta become transparent to these electrons, and thus they can travel outwards and be picked up by the FS and further accelerated to higher energies. Here we consider the possibility that a fraction of these β-decay electrons are injected into DSA and be accelerated in the same manner as the shock heated particles.
Figure 2 shows our input model for the luminosity evolution of the β-decay electrons emitted by the r-process elements in the dynamical ejecta per unit ejecta mass, which can be described by the following expression (see Equation 2 of Hotokezaka et al. 2016b) :
where t is time, and t esc ∼ 10 day is the typical escape timescale of β-decay electrons from the ejecta. The number density of these electrons at the shock can then be estimated as:
where R sk (t) is the shock radius, and v e , E e are the typical velocity and energy of the decay electrons respectively. Electrons that escaped from the ejecta at time t arrive at the FS at time t in the observer frame, so that
where R esc is the typical radius of the escape surface for the electrons. For simplicity we assume R esc ∼ R CD /2 where R CD is the contact discontinuity radius. These electrons are injected into DSA in addition to the supra-thermal particles. The detailed physics for the injection process of these high-energy electrons coming from the ejecta is poorly understood and can be quite different from that for the supra-thermal electrons. Despite their high initial momenta compared to the supra-thermal electrons, not all of them reaching the FS can be accelerated when their incoming flux is high and their injection to DSA must be limited by the energy budget of their accelerator, i.e., the FS propagating into the CBM (see §3 for details). In this pilot study, for simplicity, we impose a conservative upper limit on their injection efficiency such that at any given time no more than 10% of the incoming energy flux at the shock is used for their acceleration.
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These accelerated electrons are then advected downstream from the FS while experiencing radiative and adiabatic energy losses within their respective Lagrangian fluid elements. In such way, space-integrated broadband synchrotron spectra are calculated as a function of time epoch to construct light curves in different energy bands.
IMPORTANCE OF THE NON-THERMAL ELECTRON INJECTION BY THE RADIOACTIVE DECAYS
Before showing the results of the simulations, we first provide an order-of-magnitude estimate on the importance of the contribution by the β-decay electrons to the non-thermal emission. For illustrative purpose, we show that this contribution can dominate the 'traditional' supra-thermal electrons, assuming M ej = 0.01 M , E e = 1 MeV, no time delay, and t t esc . The injection rate of the non-thermal electrons by the β-decays is N e,decay (t) ∼ 6 × 10 42 t 1000 days
On the other hand, the injection rate of the electrons through the shock heated supra-thermal particles is estimated as follows: (6) Therefore, the β-decay particles can dominate the injection for a few 1000 days.
Indeed, not all the β-decay electrons would be accelerated further by DSA from the energy budget consideration. If all the β-decay electrons would be accelerated to ∼ 100 MeV, then the total energy injection by this processes would be ∼ 10 39 erg s −1 at ∼ 1, 000 days for our fiducial model parameters. On the other hand, the rate of the energy dissipation at the shock is roughly ∼ 3 × 10 37 erg s −1 at ∼ 1, 000 days (for v sk ∼ c), assuming that the CBM is composed of hydrogen. This simple analysis shows that the electron acceleration should be limited by the available dissipated energy rather than the rate of the injected electrons. This situation is quite different than other astrophysical objects as the DSA site, and is a unique property of the NSM ejecta. This is why we set the upper limit for the electron acceleration by the available energy budget ( §2).
Another consideration to be made is on t esc , the escape timescale of the β-decay electrons. Barnes et al. (2016) compared two timescales; the thermalization timescale (i.e., the energy loss timescale assuming that the β-decay electrons are trapped within the ejecta), and the escape timescale (i.e., the free-streaming timescale). The latter depends on the combination of the magnetic field configuration and the particle energy, i.e., a tangled magnetic field can 'delay' the escaping time for a given electron energy. The thermalization timescale behaves as ∝ t −3 , and thus the energy loss becomes quickly negligible. Therefore, for our situation, we can assume that the thermalization is negligible and the β-decay electrons are simply streaming outward freely in the ejecta. The escape timescale behaves as ∝ t, the same as the dynamical (expansion) timescale, with the normalization given by the product of the magnetic configuration (λ in Barnes et al. (2016) ) and the particle energy. As such, introducing a tangled magnetic field simply work as increasing the critical energy of the particle to catch up with the ejecta expansion. This may reduce the number of the β-decay particles reaching the FS, but indeed our acceleration is mostly limited by the kinetic energy dissipation at the FS, not by the number of β-decay particles at the FS (see §4). Therefore, our results are not much affected by the exact value of the escape timescale and therefore by the magnetic field configuration. Note that Barnes et al. (2016) suggested the importance of the magnetic field configuration at the optical maximum by considering the competition between the thermalization timescale and escape timescale. This is however not important for our problem.
RESULTS AND DISCUSSION
By constructing a number of hydrodynamical models, we explore the time evolution of radio and X-ray synchrotron emission behind the FS driven by the dynamical ejecta of a NSM event. We follow the evolution up to 1000 yrs after the ejection of the dynamical ejecta by the merger. Table 1 summarizes the parameter space of our models.
The models are labeled in the following manner. Models without and with the acceleration of β-decay electrons injected by the ejecta are labeled '1' and '2' respectively. For each of these two groups, the models 'a' are considered as our fiducial models, which are compared with the models 'b' with a 10-fold higher circumbinary gas density (n CBM ), and the models 'c' with a 4 times lower initial ejecta kinetic energy (E ej ) and mass (M ej ). We further add the models 'd' to investigate the effect of an enhanced DSA injection efficiency (η inj,th ) for the post-shock supra-thermal particles (of which the microphysics is still not completely understood) on the behavior of the radio and X-ray light curves. We assume a distance of 40 Mpc for the NSM event in question, and a circumbinary magnetic field strength B 0 = 3 µG. Figure 3 shows the light curves for the 3 GHz radio continuum flux density predicted by our models. Without the contribution from the β-decay electrons, the fiducial model 1a shows a typical rising light curve as the FS expands into the uniform CBM and emission volume increases. The light curve flattens gradually as the FS decelerates with time, and the accelerated electrons suffer from adiabatic loss. At a moderate DSA injection level η inj,th ∼ 3 × 10 −5 , low circumbinary gas density n CBM = 0.03 cm −3 and downstream magnetic field strength B ∼ 30 µG, the flux density is S ν ∼ 10 −5 mJy after 1000 yrs, and continues to rise gradually as the ejecta expands into the low-density circumbinary medium. The flux density eventually start to decline with time as t −3/2 at ∼ 10 4 yr after merger as the FS decelerates further. The effect of a higher CBM density on the radio emission is demonstrated by comparing model 1b to 1a. Here, n CBM is increased by a factor of 10 to 0.3 cm −3 . The injection rate of the thermal particles into DSA is hence 10 times higher in model 1b. The downstream magnetic field strength is boosted to 50−60 µG due to a more efficient MFA in the shock precursor, which is about a factor of 2 higher than model 1a on average. On the other hand, the emission volume at a given time is smaller than model 1a since the FS also decelerates faster with time in the denser environment. At 1000 yrs, the shock radius is 5.4 pc in model 1b, compared to 8.7 pc in model 1a. Since the radio flux density is proportional to K ep η inj,th n CBM BV where V is the emission volume, the result shows an enhancement of the flux by a factor ∼ 5 to 10 throughout the simulation time as expected.
Model dependence
In the case of the less massive dynamical ejecta (model 1c), the FS decelerates with time faster as in model 1b. The DSA injection rate per volume (∝ K ep η inj,th n CBM R tot ) however is similar to the fiducial model as the shock compression ratio R tot ranges between 4.0 to 4.3 for both models. At 1000 yrs, the FS radius is 6.6 pc, and the magnetic field strength is similar to model 1a. The result is hence a radio light curve that rises more gradually. The reduction of the ejecta mass by a factor of 4 leads to a weaker radio emission in overall by roughly the same factor.
Model 1d shows the response of the light curve to an enhanced DSA injection efficiency for the thermally injected particles. The injection number fraction η inj,th is increased by a factor ∼ 10. In addition to a boost of the number of radio-emitting electrons by the same factor, it also results in a more effective MFA in the shock precursor. The downstream B-field strength is roughly 100 -340 µG in model 1d. These effects contribute to the significant brightening of the radio emission compared to the fiducial model as shown in Figure 3 . Model 2d adds the early contribution from the β-decay electrons. The radio emission is overall brighter than the corresponding fiducial model 2a due to the higher B-field, and converges back with model 1d after ∼ 100 yrs.
By comparing the fiducial models 2a and 1a, we see that the injection of β-decay electrons, whose luminosity peaks at around 10 days (see Figure 2) , enhances the early-phase radio emission substantially up to ∼ 10 4 days. This confirms our order-of-magnitude estimate in §3. Indeed, the injection of these β-decay electrons is 'too efficient', and the acceleration process in such a regime has not been clarified. From the energy budget consideration, we simply set the upper limit so that 10% of the incoming energy flux at the shock is used to accelerate the electrons, as mentioned in §2. While the quantitative behavior may depend on the treatment of the acceleration process in this highly efficient regime, our simulations illustrate the importance of the β-decay electrons in shaping the non-thermal emission from the NSM dynamical ejecta.
These electrons dominate the emission in the first few 100 yrs until the flux of the β-decay electrons from the ejecta has decreased enough at the FS location and the accelerated β-decay electrons have cooled off by adiabatic expansion in the post-shock region. After that, the radio flux is dominated by the thermally injected electrons so that the light curve converges back onto model 1a. The 3 GHz flux density peaks at ∼ 10 −3 mJy, roughly 4 order-of-magnitudes higher than model 1a at the same evolutionary stage, and the peak occurs in a much earlier phase at around 2000 days.
The reactions of the radio light curve to a higher CBM density is exhibited by model 2b. The higher n CBM in model 2b results in a higher FS ram pressure, i.e., P sk = ρ CBM v 2 sk /2. Since the injection of the β-decay electrons in the early phase (∼ 1 yr) is dictated by the upper limit we imposed (see above), the increase in P sk also means a corresponding increase in the number of electrons being accelerated. The resulting radio flux is therefore also roughly an order-of-magnitude higher for model 2b than 2a. After that, the bolometric luminosity of these electrons has dropped with time significantly so that the above upper limit is no longer effective. The electrons injection rate therefore becomes identical between the two models, and the light curves become similar in the rest of the phase in which the β-decay electrons still dominate the emission. Other effects of a denser environment on the evolution of emission volume and magnetic field strength as mentioned above still exist.
The effect of a different ejecta mass is covered by model 2c. Model 2a and 2c show similar light curves in the rising phase up to ∼ 1 yr. This again reflects the upper limit we im- Table 1 . Models 1a to 1d do not account for the acceleration of β-decay electrons while models 2a to 2c do. Our fiducial models are marked by label 'a', which are compared to models with a higher circumbinary gas density (label 'b'), a lower explosion energy and ejecta mass (label 'c'), and a higher DSA injection efficiency for the thermally injected electrons (label 'd'). Our models show that the contribution of the accelerated β-decay electrons dominate the earlier radio continuum emission over the thermally injected electrons up to a few 100 yrs. For comparison, observational data for the NSM event GW170817 from ATCA and VLA are overlaid as grey circles (Hallinan et al. 2017; Mooley et al. 2018; Margutti et al. 2018; Dobie et al. 2018) . The thin grey dashed lines show the sensitivities of current and future instruments for an 1 hr exposure.
pose on the number of accelerated β-decay electrons by the energy budget available at the FS. The difference in the ejecta mass, and therefore the number of seed electrons emitted by the ejecta, is generally hidden in the rising part of the light curve. As the bolometric luminosity of these electrons has dropped with time, however, its time dependence and proportionality to M ej start to take effect on the radio emission, so that the radio flux density of model 2c becomes systematically smaller than model 2a after ∼ 1 yr. The smaller emission volume for model 2c also plays a role.
An enhanced injection efficiency of the thermal particles (model 2d) does not show noticeable effect on the light curve in the first ∼ 1000 days, which is as expected because the relativistic electrons in this phase are dominated by the β-decay electrons. Like model 2a, the light curves of model 2b, 2c and 2d eventually converge back with model 1b, 1c and 1d respectively as the thermally injected electrons start to dominate the emission.
Very similar behaviors can be observed in the X-ray light curves (see Figure 4) . The main difference between the 1 keV and 3 GHz emission is that the former is sensitive to the maximum energy E max,e (t) of the accelerated electrons, and hence the synchrotron cutoff frequency ν cut (t) ∝ E 2 max,e B, which is limited by both the acceleration and synchrotron loss timescales. A break feature appears in the light curves when E max,e has decreased due to synchrotron loss to a point such that hν cut 1 keV. As a result, models with higher downstream B-field, e.g., model 1d, have such a break appearing earlier on in the light curve.
In the early phase of the evolution, we also observe a higher X-ray flux from model 2d than the fiducial model 2a. This is again mainly attributed to a stronger B-field amplified by a more efficient DSA of protons at the FS. Initially, E max,e is limited by the acceleration timescale which is inversely proportional to B. A shorter acceleration timescale and hence higher E max,e results in a higher hν cut , which at ∼ 100 days is ∼ 10 keV for model 2d compared to ∼ 0.8 keV for model 2a. The brightness at 1 keV is hence less affected by the spectral cutoff for model 2d in the early phase. After a few yrs, E max,e becomes limited by synchrotron loss just like model 1d.
In both Figure 3 and 4, the recently observed radio and Xray data from the GW170817 event are displayed. According to our models, it is obvious that shock acceleration triggered by the dynamical ejecta does not contribute importantly to the emission in the early phase. It has been proposed that an offaxis jet (e.g., Lazzati et al. 2017) can satisfactorily explain the broadband data for this particular event (see Hotokezaka et al. (2018) for an alternative interpretation). Therefore, it is instructive to make a comparison of our prediction with such models for the jet component in order to discuss the future detectability of the emission from the dynamical ejecta, especially for other NSM events to be detected in the future.
Comparison with jet component and detectability
To assess the observability of this synchrotron emission originating from the dynamical ejecta, it is meaningful to compare our light curves with those predicted for the jet component which has been suggested to be responsible for the short GRB associated with a NSM event. In Figure 5 and 6, we overlay light curves from the models by Lazzati et al. (2017) for an off-axis jet on our models. The parameters for these jet models are tuned to match the observed light curves from the GW170817 event. The off-axis jet models for several observer viewing angles θ against the jet-axis are shown. As reference, the case for θ = 16
• is close to the best-fit model for GW170817. The colored bands cover the range of the predicted light curves from our models for the dynamical ejecta component with (magenta) and without (green) the contribution from accelerated β-decay electrons. Lazzati et al. (2017) (thin black lines) with our models for shock emission produced by dynamical ejecta. The range of radio flux densities spanned by the parameter space of our models with and without acceleration of β-decay electrons are shown by the magenta and green colored bands respectively.
In the near future, the number of detected nearby NSMs is expected to increase, and then they should show variation depending on the viewing direction. Therefore, it is instructive to see if the contribution from the dynamical ejecta in the non-thermal emission is visible beyond the other component(s). We can see that the jet component dominates the broadband emission for the first few 100 yrs if the jet-axis makes an angle with the line-of-sight shallower than ∼ 50
• . For cases with the accelerated β-decay electrons included, the dynamical ejecta component becomes comparable to the jet component if an observer is placed at the angle > 50
• . At a distance of 40 Mpc and energetics similar to that inferred from GW170817, the peak flux density occurs at about 1000 days, at a level of about 10 −4 -10 −3 mJy (8 GHz) and 10 −8
-10 −7 mJy (1 keV). Figure 3 and 7 compare our radio light curves at 3 and 6 GHz respectively with the sensitivities of several instruments in the corresponding observation wavebands, including the Very Large Array (VLA), and the upcoming nextgeneration Very Large Array (ngVLA) and Square Kilometre Array (SKA). The model by Alexander et al. (2017) at 6 GHz is also shown in Figure 7 for comparison (see §5 for comparison between their models and our models). Our optimistic models predict that the radio emission from ejecta-CBM interaction in a NSM event at 40 Mpc achieves a peak flux density comparable to the 1-hr sensitivity of next-generation instruments in the near future.
The late-time radio emission in our models is dominated by the thermally injected electrons. In the optimistic cases, the 3 GHz flux density is about 10 −4 mJy at 40 Mpc, and remains nearly constant until ∼ 10 4 yr after the merger. Since the binary neutron star merger rate in the Milky way is estimated from known Galactic binary neutron star systems as R MW = 21± 28 14 Myr −1 (Kim et al. 2015) , the expected number of such radio sources in the Milky Way is only ∼ 0.2, which does not give any constraint on these models. As for nearby galaxies, the BNS merger rate density is estimated as ∼ 1540± 3200 1220 Gpc −3 yr −1 from the detection of GW170817 (Abbott et al. 2017b) , and then the expectation number of radio sources detectable by the all-sky survey by VLA (VLASS) at 3 GHz with a combined sensitivity of 69 µJy is ∼ 0.05 -0.7. Using ngVLA and SKA, whose sensitivities are about 10 times better than VLA at 3 GHz, the expectation number increases to ∼ 1.6 -22. However, since the BNS merger rate density in the local universe is still not well constrained from the GW observations, we still cannot give any constraint on our model from these estimates. On the other hand, the Xray emission around the peak is well above the sensitivity of Chandra for the optimistic cases. Assuming a 1 Ms exposure, the detectable distance of Chandra would be ∼ 130 Mpc. We may verify or rule out our model by searching for this X-ray emission associating with the GW emission from NSMs.
CONCLUDING REMARKS
In this study, through the construction of hydrodynamical models and parametric survey, we show that NSM events can shine in radio and X-ray with significant contribution from the shock acceleration of β-decay electrons injected by the expanding dynamical ejecta. While the emission is relatively weak compared to the accompanying jet component, with a larger viewing angle against the jet-axis and a relatively close distance, it is possible that such emission can be detected in the near future by next-generation telescopes. Furthermore, it is possible that some NSM events do not launch a jet (socalled a 'choked jet'), and in such cases we may observe the emission from β-decay electrons as a dominant component.
Our simulations without the β-decay electron injection result in much fainter radio emission than previously predicted with semi-analytic calculations with a parameterized treatment of the electron acceleration and magnetic field amplification (e.g., Hotokezaka et al. 2016a; Alexander et al. 2017; Hotokezaka et al. 2018) . Figure 7 shows that the difference reaches to roughly 3 to 5 orders of magnitude in the predicted radio flux. This stems from the much lower efficiency of the electron acceleration than optimistically assumed in these previous calculations, once we adopt the physically-motivated recipe to the acceleration and magnetic field amplification (as calibrated by the non-thermal emission from SNRs). Indeed, with the β-decay electrons, we recover the radio flux similar to the previous models in the rising part (up to ∼ 1000 days). With the β-decay electrons, the efficiency of the acceleration can reach to nearly equipartition to the shock dissipated energy, and thus the situation becomes similar to the previous studies. It is hard to realize such high efficiency in the canonical DSA of thermal electrons, highlighting the importance of the seed electrons from the β-decays within the NSM ejecta.
Our work highlights a unique nature of the non-thermal emission from the NSM ejecta. This site represents a regime in which the seed electrons for DSA acceleration are extremely abundant, a situation which has never been known to be realized in other astrophysical DSA sites. We anticipate that Advanced LIGO and VIRGO and other upcoming gravitational wave detectors such as KAGRA will pick up more and more GW signals from NSM events in the local Universe, and the sample of their associated electromagnetic counterparts will enlarge. The possible detection of synchrotron emission from ejecta-CBM interaction at NSMs, and the shock acceleration of β-decay electrons, will have profound implications including r-process nucleosynthesis process at NSM events and the origin of neutron-rich heavy elements in the Universe.
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